First results obtained with a Gatan UHV Enfina system, which was attached to a VG HB 501 UX dedicated STEM, are reported. The Enfina system is based on a CCD detector and offers, compared to the previously used photodiode array, a narrower point-spread function, higher sensitivity, and faster read-out capabilities. These improvements are demonstrated with electron energy-loss measurements on various oxides, such as Al 2 O 3 , TiO 2 and SrTiO 3 . It is shown that a better energy resolution is achieved and that acquisition of high-energy absorption edges with a reasonable signal-to-noise ratio becomes possible. Furthermore, we report on the influence of the TEM specimen quality on the energy-loss spectra. Thin amorphous layers at the specimen surfaces, which are induced by ion-milling processes, can modify specific electron energy-loss near-edge structure features. We found that for the investigated ceramics the use of low-energy ion-milling systems is highly recommended, since the loss of energy-loss near-edge structure details by the presence of the amorphous layers is considerably reduced. This is especially true for very thin specimens.
Introduction
Electron energy-loss spectroscopy (EELS) in the transmission electron microscope (TEM) has been shown to be a reliable method for the characterization of materials with regard to their chemical composition as well as electronic structure (Disko et al ., 1992; Egerton, 1996) . In particular, the electron energy-loss near-edge structure (ELNES) associated with each ionization-edge in the EELS spectrum, which reflects the density of unoccupied states above the Fermi level, can be used to probe the local electronic structure (Brydson, 1991; Disko et al ., 1992) .
A quantitative interpretation of EELS and ELNES requires a quantitative comparison of experimental results with those obtained by calculations. Therefore, first principles electronicstructure calculations based on the local density functional theory have been performed for bulk materials as well as for crystal regions containing specific interfaces, and have turned out to be very reliable (Köstlmeier et al ., 1999; Paxton et al ., 2000; Hebert et al ., 2001; Nufer et al ., 2001 ). The calculations reveal site-and angular-momentum-projected densities of states (PDOS) which can be compared with measured spectra (Köstlmeier et al ., 1999; Paxton et al. , 2000; Hebert et al ., 2001; Nufer et al ., 2001) . To mimic instrumental and life-time broadening effects, a Gaussian smearing is usually employed to the calculated PDOS with values ranging between 0.5 eV and 2 eV.
An energy resolution of 0.1 eV is expected to result in a tremendous gain in information and this will be achieved with future generations of analytical TEMs. With such instruments small changes in the ELNES are accessible at defects and interfaces, which can then be interpreted quantitatively with calculated PDOS. In the ideal case, these ELNES measurements should be performed with atomic resolution. Recently, new instruments have been developed and first very promising results have been obtained (Tiemeijer et al ., 2001; Batson et al ., 2001; Krahl et al ., 2001; Terauchi et al ., 2001) . However, thus far the highest available energy resolution and the highest available spatial resolution have not be achieved simultaneously. Zandbergen et al . (2003) reported an energy resolution of 0.1 eV with a 2-nm spot size, which is increased to 0.5 eV for a 0.2-nm spot. To make efficient use of new developments in the microscope environment, like mechanical and electronic stability (Phillipp et al ., 1994; Lichte et al ., 2001; Muller et al ., 2000) , the quality of the TEM specimens is of utmost importance.
In this paper we concentrate on the influence of the quality of the detector and the quality of the specimen. Spectra obtained with a CCD-based detector (Hunt et al ., 2001) , which was recently installed at our VG HB 501 UX STEM, are compared to spectra taken with the previously attached linear photodiode array. [In the following, the Gatan ENFINA system will be denoted as 'new detector' whereas the previously used photodiode based system (Gatan UHV PEELS/DigiPEELS 766) is referred to as 'old detector'.] The data acquired from various ceramics reveal that the higher sensitivity and improved point-spread function of the detector have improved the quality of which the ELNES data. This will be exemplified using applications were made possible by the new detector. It will be shown that for some edges finer details in the ELNES are not measurable owing to life-time broadening effects. Furthermore, we studied the influence of the TEM specimen quality on the ELNES. For these investigations, specimens prepared by applying a low-energy ion-milling procedure were compared with those where specimen thinning was done by conventional ion-milling.
Experimental details
The investigations were carried out in a VG HB 501 UX dedicated STEM operated at 100 kV and equipped with a cold-field emission electron source. At this microscope a new Gatan UHV Enfina system (Hunt et al ., 2001 ) was installed as an upgrade for the existing Gatan UHV PEELS/DigiPEELS 766 system. The UHV Enfina system consists of two separate components. One component is connected to the microscope vacuum chamber and houses a scintillator and a transfer fibre optic. The second component includes a second fibre optic system, a CCD camera with 100 × 1340 pixels and electronics, and is pumped separately (Hunt et al ., 2001 ). Both components are oil coupled. Owing to the design of the system, it is possible to remove the temperaturesensitive parts during bake-out of the microscope.
A standard alignment of the microscope was used with a beam current of approximately 0.4 nA and a beam diameter of 0.5 nm determined by the full-width at half-maximum of the intensity profile. These values were obtained during the microscope calibration and were not measured at the time of the EELS experiments and thus might have been slightly different. Convergence and collection semi-angles of 12 and 6.5 mrad, respectively, were chosen for the acquisition of the EELS data. All spectra were taken with the automatic software-controlled dark current and gain correction turned on. A post-acquisition correction by separately measuring the gain and dark current references was not successful.
In the following sections, all spectra are presented after subtraction of the pre-edge background, which was extrapolated by a power law function (Egerton, 1996) . Sample thicknesses were smaller than 0.5 λ (where λ is the mean free path for inelastic scattered electrons) as determined by the corresponding low-loss spectra. For these thicknesses, the ELNES is not affected by plural scattering effects and thus there was no need for a deconvolution. A detailed description of parameters such as dispersion and acquisition times is given in the results section.
For comparison, data obtained by the previously used system (Gatan UHV PEELS/DigiPEELS 766) are shown. This system also consisted of a scintillator module which was placed in vacuum and which was fibre-optically coupled to a photodiode detector (Krivanek et al ., 1987) . The detector module contained a linear array with 1024 photodiodes (Krivanek et al ., 1987) . The data acquired with this detector have been corrected for dark current and channel-to-channel gain variations, and are also displayed after background subtraction. Also in these experiments, no correction for multiple scattering was necessary.
The ELNES studies were performed on bulk ceramics (Al 2 O 3 , TiO 2 , SrTiO 3 ) and interfaces between Cr and SrTiO 3 . TEM specimens from these materials were prepared by mechanical thinning, dimpling and ion etching. Conventional ion-milling was achieved by a Gatan Pips or a Gatan DuoMill at 3.5 kV. An additional low-energy ion-polishing using the Technoorg Linda was performed at 0.5 kV for 30 min for some of the specimens. The thickness of the amorphous layer on the specimen surfaces, which indicates the quality of the TEM specimen, was investigated by high-resolution TEM (HRTEM) before and after applying the low-energy ion-milling procedure. For these studies a JEOL JEM ARM1250 microscope operated at 1250 kV with a point-topoint resolution of 0.12 nm was used. With the same microscope, atomic structure investigations of the Cr/SrTiO 3 interfaces, which were annealed in situ at 550 ° C, were performed.
Results and discussion
In this section results for five different examples are described, interpreted and discussed separately.
Example I: ELNES studies of bulk α -Al 2 O 3
The O-K edge of single-crystal α -Al 2 O 3 acquired with a dispersion of 0.1 eV per channel using the new detector is shown in Fig. 1 together with previous measurements obtained with the old detector. The acquisition times for both detectors were 40 s. The comparison clearly demonstrates that the unprocessed data measured with the CCD detector exceed the quality of the data taken with the photodiode array with regard to the visibility of the various peaks and the weak spectral features (Fig. 1a,c) . This is attributed to the improved point-spread function of the CCD, which is visible as strongly reduced tails of the zero-loss peak in Fig. 2 . Furthermore, we found that the energy resolution determined by the full-width at half maximum (FWHM) of the zero-loss peak has been slightly improved. If we use the same conditions for the zero-loss measurements as for the acquisition of the ELNES data we find a FWHM of 0.5 ± 0.1 eV for the new and 0.7 ± 0.1 eV for the old detector system.
The resolution function of the old system was used to deconvolute the spectrum shown in Fig. 1(a) , which had been taken with the old detector. The deconvoluted spectrum is displayed in Fig. 1(b) and resembles all the prominent features visible in the unprocessed spectrum taken with the new detector shown in Fig. 1(c) . However, the deconvolution process always introduces some additional noise. For data acquired with a good signal-to-noise ratio, as for the bulk spectra, where the integration time and/or beam current are not limiting factors, this effect is negligible. In contrast, significant problems can occur for spectra where the integration time and/or beam current have to be short, e.g. for interfacial signals acquired with high spatial resolution. Figure 3 shows a comparison between experimental O-K edges taken with the new detector, the old detector (courtesy of S. Nufer) and calculated oxygen p-projected PDOS (Nufer et al ., 2001 ). The comparison reveals that some subtle features are present in the spectrum measured with the new detector. These occur also in the calculations but are missing in the spectrum acquired with the photodiode array (Fig. 3) . One example is the splitting of the main peak at 540 eV, which is visible in the experimental data taken with the new detector and in the calculated p-PDOS using a Gaussian broadening of 0.8 eV. More importantly, we found that even though the energy-resolution has been slightly improved and the FWHM of the main peak is slightly reduced in the spectrum acquired with the new detector, it is still much larger than in the calculations. This might indicate that life-time effects play a major role for this edge and that even with a higher energy-resolution no further information might be available. Investigations Another important point is that the spectra taken with the new detector appear more 'noisy' than those acquired with the old detector (Fig. 3) . This is due to the improved pointspread function of the new system. For the old detector the tails of the point-spread function led to a smoothing of spectral features and thus to a loss of weak spectral features, i.e. in a reduced energy resolution. Figure 4 shows the ELNES of TiO 2 (rutile) measured with both detectors using an energy dispersion of 0.1 eV per channel. The most prominent feature is the spin-orbit splitting of the L 3 and L 2 white lines, which is about 5.4 eV (Brydson et al ., 1989) . Furthermore, the L 3 and L 2 lines are split into two peaks owing to the crystal-field splitting into t 2g and, e g states (Brydson et al ., 1989) . The shoulder at the e g peak is related to the decrease of symmetry of the distorted TiO 6 octahedra (Brydson et al ., 1989) . Both spectra show all the main features, but the spectrum acquired with the new detector reveals more pronounced minima between the overlapping peaks.
Example II: ELNES studies of bulk TiO 2

Example III: influence of specimen preparation on the ELNES of bulk SrTiO 3
The influence of specimen preparation on the ELNES was investigated on bulk SrTiO 3 samples. Figure 5 shows highresolution TEM micrographs of specimens that have been thinned by conventional techniques (Fig. 5a,b) in comparison with the same specimen areas after an additional low-energy ion-polishing at 0.5 kV for 30 min was applied (Fig. 5c,d ). The high-resolution TEM investigations reveal that the amorphous layer, which is always present at ion-milled TEM specimens, is strongly reduced by using the low-energy ion-milling procedure. Furthermore, the distortions of the lattice, which are evident in Fig. 5(b) , are reduced after the low-energy polishing, resulting in a perfect lattice structure over a large area (Fig. 5d) . The thickness of the amorphous layer was 14.5 nm before and 3.5 nm after applying the low-energy ion-milling (Fig. 5 ). These were extremely large values; the smallest thicknesses we found were about 5 nm before and 1.2 nm after applying the low-energy ion-thinning procedure.
ELNES investigations have been carried out on similar specimens and the results of the O-K edge measurement are displayed in Fig. 6 . The data were acquired with a dispersion of 0.2 eV per channel and an integration time of 20 s using the new detector. Both O-K edges taken from the conventional ion-milled sample and the low-energy ion-milled specimen reveal the same main spectral features, formed by four distinct peaks. A detailed description of the spectrum together with the underlying transitions as determined by the oxygen p-PDOS calculated by a local density functional theory approach are given by van Benthem et al . (2003) . The spectrum obtained from the low-energy ion-milled specimen shows more pronounced minima between the main peaks and this becomes more obvious if we subtract this spectrum from the data obtained from the conventional ion-milled sample. The resulting difference spectrum is shown in Fig. 6(c) , which has been magnified for clarity. There is some remaining intensity, which is not constant but shows a peak at around 530 eV and a broad feature around 540 eV. Figure 7 displays the results for the Ti-L 2,3 edge of the conventional ion-milled sample, the low-energy ion-etched specimen and the calculated difference. The latter spectrum shows two pronounced peaks, each possessing a shoulder on the low-energy side. Furthermore, a shift of the edge onset to lower energy-losses, compared to the bulk spectrum of the lowenergy ion-milled specimen, is observed. Both the shape of the difference spectrum as well as the edge onset indicate that distorted TiO 6 octahedra occur at the conventional ion-milled sample. This is mainly attributed to the presence of an amorphous layer on the top and bottom surfaces of the specimen. The observed shape is similar to those observed for amorphous titanium oxide (Berger et al ., 1987; Rez et al ., 1995) .
The amorphous layer present on the specimen surfaces not only influences the ELNES investigations but also has a strong effect on the quantification of the data. Figure 8 shows a plot of the calculated Ti/O ratio as determined for both samples, i.e. before and after applying the low-energy ion-milling. The average values and their standard deviation are 0.37 ± 0.01 (conventional ion-milling) and 0.34 ± 0.01 (low-energy ionpolishing) calculated from 15 and 20 measurements, respectively. These values indicate that the specimens have a nearly 5 . HRTEM images of bulk SrTiO 3 : (a) a conventional ion-milled sample and (c) the same sample but further ion-thinned at 0.5 kV for 30 min. The comparison shows that applying the low-energy ion-milling procedure had reduced the amorphous layer. In addition, the magnified images (b) and (d) reveal that the distortion of the lattice is strongly reduced by using the additional low-energy thinning. Fig. 6 . O-K-ELNES spectra from bulk SrTiO 3 (a) before and (b) after a low-energy ion-thinning was applied. There is some significant difference (c), which is scaled by a factor of two for clarity. Fig. 7 . Ti-L 2,3 -ELNES spectra from bulk SrTiO 3 (a) before and (b) after a low-energy ion-thinning was applied. The calculated difference is shown in (c), which is scaled by a factor of two for clarity. perfect stoichiometric composition (which is 0.33) after the low-energy ion-milling procedure while the higher Ti/O ratio for the conventional ion-milled sample might be due to a loss of oxygen.
Obviously, the contribution of the amorphous layer is in general larger for thin specimen areas than for thick areas. In principle, we can circumvent the arising problems simply by using thicker specimen areas. However, this contradicts the requirements that plural scattering in the specimen should be prevented. Another point to mention is the observation that often a preferential thinning occurs at grain boundaries and interfaces between two dissimilar materials. Thus, the contribution of the amorphous layer to the measured ELNES can be higher for interfaces than for the surrounding bulk, leading to artificial interfacial signals. Care should be taken that this contribution is not the major signal in the interfacial ELNES, which would otherwise make the results questionable.
For a detailed analysis of SrTiO 3 it is necessary to acquire not only the O-K and the Ti-L 2,3 edges, but also the Sr-L 2,3 edge occurring at around 1940 eV. With the old detector this was only possible with acquisition times of several minutes to obtain a sufficient signal-to-noise ratio. With the new detector system a reasonable signal is already achieved for acquisition times of 40 s when a dispersion of 0.3 eV per channel is used (Fig. 9) . This allowed us to measure the Sr/Ti ratio in the core of a <110> partial dislocation (Zhang et al ., 2002) . In such cases, short acquisition times are crucial in order to prevent influences due to radiation damage.
Example IV: reaction layer formation on a Cr/SrTiO 3 interface
The improved sensitivity of the new detector system allows us to obtain reasonable signal-to-noise ratios for short integration times. This enabled us to perform ELNES measurements with a high spatial resolution since less spatial drift occurred during the acquisition. The measurements were performed on Cr/SrTiO 3 interfaces where an approximately 1-nm-thick reaction layer had formed during annealing at 550 ° C in the TEM. A high-resolution lattice image of the Cr/reaction layer/ SrTiO 3 interface is shown in Fig. 10(a) . Forty spectra with a dispersion of 0.2 eV per channel and 4 s integration time at each position were taken in the linescan mode across this interface as indicated in the annular dark-field image (Fig. 10b) . The step size was about 0.5 nm. Owing to the chosen dispersion, the Ti-L 2,3 , the O-K and the Cr-L 2,3 edges were measured simultaneously. For better visibility, the energy-loss region has been split ( Fig. 10c-e) . The spectra in this figure have numbers that are related to the positions marked in the annular darkfield image (Fig. 10b) . All three edges show a pronounced change in the ELNES inside the reaction layer in comparison to the bulk spectra. The Ti-L 2,3 edge shows a shift to lower energy-losses together with a reduced crystal field splitting of the white lines. In contrast, the first peak of the O-K edge is shifted to higher energy-losses by 1 eV in the reaction layer compared to the bulk. Furthermore, the number of higher energy-loss peaks is reduced and they have in addition different energy-loss positions compared to bulk SrTiO 3 . For the Cr-L 2,3 edge we also observed a shift of the edge onset to higher energy-losses together with a change of the spin-orbit splitting in comparison to the metallic Cr film. The observations of the O-K and Cr-L 2,3 edge are in agreement with those described by Daulton et al . (2001) indicating that the reaction layer consists mainly of γ -Cr 2 O 3 with Ti in solid solution. The formation of γ -Cr 2 O 3 is also confirmed by the lattice parameters obtained by the high-resolution TEM investigations.
Example V: segregation of Ga to grain boundaries in Al
Polycrystalline aluminium becomes brittle if it comes into contact with liquid gallium. We are presently studying the segregation behaviour in this system (Schmidt et al ., 2002) . For the detailed segregation analysis, the width of the Ga layer at the grain boundary has to be measured either by using line scans or by two-dimensional mapping. This is usually done by energydispersive X-ray spectroscopy because the Al-K and Ga-L 2,3 edges are not easily accessible by EELS. With the new detector it is now possible to create EELS maps displaying the Ga concentration. From a spectrum image taken from an Al − 2at%Ga alloy, Ga and Al intensity maps were extracted. After a weighted division considering the partial cross-sections, a concentration map was obtained (Fig. 11) .
Conclusion
The results presented in this paper clearly demonstrate that the use of a CCD-based detector reveals more ELNES features, better signal-to-noise ratio and higher sensitivity compared to the photodiode-based detector. This might enable us in future to perform a more quantitative comparison between experiment and theory. We found that for some edges (e.g. the O-K edge) life-time effects possibly make high-energy resolution impossible. It was also shown that an improved detector alone is not sufficient to obtain high-quality ELNES data. The TEM specimen preparation can have a tremendous effect on the ELNES and until now has most often been the limiting factor for high-resolution investigations. Care has to be taken to remove or at least to reduce the thickness of the amorphous layer present at the top and the bottom of the specimen. Artefacts might otherwise obscure the real signal, for example representing the electronic structure of interfaces. The use of new techniques such as low-energy ion-milling is recommended and should be considered to produce high-quality samples. Finally, we note that the high sensitivity of the CCD allows it to align the spectrometer at the energy loss of interest, i.e. not necessarily with the zero-loss peak. This improves the energy resolution since for the Gatan spectrometer the alignment depends on the energy loss. Fig. 11 . The new detector allowed us to acquire a map of the Ga concentration near a grain boundary in Al using the Ga-L 2,3 edge at around 1150 eV. Owing to the Ga segregation the grain boundary appears bright. The pixel size is 0.6 × 0.6 nm 2 . The dwell time for each pixel was 5 s. 
